The effect of calcium and magnesium on the susceptibility of 13 species of Pseudomonas to tetracycline, gentamicin, polymyxin B, and carbenicillin was measured. The majority of the minimum inhibitory concentrations (MICs) of these antibiotics was increased if these cations were added to the test media. The increases in MICs caused by calcium or magnesium were similar, but the combination of both -ions generally caused a greater change than either alone. Although the MIC of polymyxin B was most affected by calcium and magnesium, its interpretive susceptibilities (i.e., whether susceptible or resistant) were least changed. Susceptibility tests on Pseudomonas species probably should be done with Muller-Hinton broth supplemented with physiological concentrations of calcium and magnesium to better approximate the in vivo activity of these antibiotics. When the susceptibility tests were performed with Mueller-Hinton agar, the MICs were slightly less than those obtained with Mueller-Hinton broth supplemented with both cations but greater than those obtained with MuellerHinton broth supplemented with individual cations.
MATERIALS AND METHODS
The strains of Pseudomonas tested (shown in Table  1 ) were clinical isolates sent to the Center for Disease Control for identification. P. aeruginosa (ATCC 27853), recently adopted as a control strain for susceptibility testing, was included.
The antibiotics tested were tetracycline (Bristol Laboratories), gentamicin (Schering Corp.), and polymyxin B and carbenicillin (both from Pfizer, Inc.). All antibiotics were dissolved and diluted in MuellerHinton (M-H) broth (BBL), with additional cation(s) added according to the individual experiment. The basic medium used for these studies was M-H broth (BBL). The concentrations of magnesium and calcium in this broth, as determined by atomic absorption spectrophotometry (Perkin-Elmer model 403 spectrophotometer), were 1.6 x 10-4 and 8.4 x 10-5 M, respectively. For the comparative studies, the broth was supplemented with 2.10 x 10-3 mol of calcium (as CaCl,*2H,O) and/or 1.40 x 10-3 mol of magnesium (4s MgCl, 6H20), or 1.7% granulated agar (BBL). Therefore, the final concentration of calcium in the supplemented broth was 2.18 x 10-' M (87 mg/liter), and the final concentration of magnesium was 1.56 x 10-3 M (37 mg/liter).
The broth dilution antibiotic susceptibility tests were performed in microtiter trays. The antibiotics were diluted serially in twofold-dilution steps in 0.05-ml volumes of M-H broth with and without additional calcium and magnesium as the diluent. Tetracycline, gentamicin, and polymyxin B were tested in final concentrations ranging from 128 to 0.015 ,ug/ml, and carbenicillin was tested in final concentrations of 1,024 to 0.12 Ag/ml. Each microtiter plate was set up to test an antibiotic in: (i) M-H broth without additional cations, (ii) M-H broth plus calcium, (iii) M-H broth plus magnesium, (iv) M-H broth plus calcium and magnesium, and (v) a growth control containing only M-H broth plus inoculum.
The inoculum, containing 10' colony-forming units/ ml, was prepared in M-H broth containing the appropriate cation(s), and 0.05 ml was added to each well of the microtiter plate, making the final volume in each well 0.1 ml. All plates were incubated overnight at 35 C, except those containing P. fluorescens, which were incubated at room temperature. The minimum inhibitory concentration (MIC) was accepted as the 96 lowest concentration of antibiotic that inhibited visible growth.
Fifty-eight strains of P. aeruginosa were also tested with gentamicin by using an agar dilution method. The broth was supplemented with 1.7% agar, and gentamicin was added in final concentrations ranging in twofold dilutions from 128 to 0.015 gg/ml. The inocula (107 colony-forming units/ml) were added to the surface of the agar plates with a Steers replicating device (10) , resulting in a final concentration of approximately 104 colony-forming units of each strain on each plate.
RESULTS
The effects of calcium, magnesium, and agar on the MICs of gentamicin for 58 strains of P. aeruginosa are shown in Fig. 1 . In comparison to unsupplemented M-H broth, calcium, magnesium, agar, and a combination of calcium and magnesium, in that order, caused increases in the MICs of gentamicin. Although the differences between the effects of either calcium or magnesium were small, a combination of the two cations caused a much larger increase in the MICs than either alone. The effect of agar was less than the combination of calcium and magnesium, but greater than either cation alone. Whereas 98.3% of the strains tested in unsupplemented M-H were inhibited by 1 Ag of gentamicin per ml, only 50, 22.4, 1.7, and 3.4% were inhibited when calcium, magnesium, a combination of the two cations, or agar, respectively, was added.
The effects of calcium and magnesium, singly or in combination, on MICs of tetracycline, gentamicin, polymyxin B, and carbenicillin for different species of Pseudomonas are shown in Tables 1 through 3 . These data show that the MICs of two or more of the antibiotics were affected by these cations for most of the Pseudomonas species. The greatest number of changes was observed with tetracycline, but the largest changes were obtained with polymyxin B. In no case were the MICs decreased after the addition of cations. In the study of the 58 strains of P. aeruginosa, physiological concentrations of magnesium had a slightly greater effect on the MICs of gentamicin than did physiological concentrations of calcium, whereas in the study of the other species the reverse was true. In general, the effect of either cation alone is probably about the same. However, in both studies the effect of physiological concentrations of the combination of cations was much greater than either alone. ,ug/ml or less when tested in unsupplemented M-H broth; these levels are readily achievable in the blood. However, if the tests were performed in M-H broth supplemented with physiological concentrations of both calcium and magnesium, 37.9% of the strains had MICs of 16 or 32 ug/ml, levels which would be toxic to a patient. Clinical studies should be performed to determine if the higher MICs obtained in the presence of physiological concentrations of both calcium and magnesium correlate more closely with patient response.
